The hepatitis C virus NS5B RNA-dependent RNA polymerase (RdRp) is a key enzyme involved in viral replication. Interaction between NS5B RdRp and the viral RNA sequence is likely to be an important step in viral RNA replication. The C-terminal half of the NS5B-coding sequence, which contains the important cis-acting replication element, has been identified as an NS5B-binding sequence. In the present study, we confirm the specific binding of NS5B to one of the RNA stem-loop structures in the region, 5BSL3.2. In addition, we show that NS5B binds to the complementary strand of 5BSL3.2 (5BSL3.2N). The bulge structure of 5BSL3.2N was shown to be indispensable for tight binding to NS5B. In vitro RdRp activity was inhibited by 5BSL3.2N, indicating the importance of the RNA element in the polymerization by RdRp. These results suggest the involvement of the RNA stem-loop structure of the negative strand in the replication process.
The hepatitis C virus (HCV) is a positive-strand RNA virus belonging to the family Flaviviridae (Miller & Purcell, 1990) . HCV NS5B RNA-dependent RNA polymerase (RdRp) is known to play a pivotal role in the viral replication process . Although HCV replication is regulated by host cellular factors, the initial replication complex formation requires an interaction between NS5B and viral RNA (Hamamoto et al., 2005; Tu et al., 1999; Wang et al., 2005; Watashi et al., 2005) . Interestingly, many of the RNA molecules appear to have the potential to be substrates of NS5B RdRp in an in vitro RdRp assay system De Francesco et al., 1996; Ferrari et al., 1999) . However, NS5B appears to exhibit a binding preference for certain select RNA molecules (Biroccio et al., 2002; Kanamori et al., 2009; Lohmann et al., 1997; Vo et al., 2003) . Because of the high error rate of the viral RdRp (Holland et al., 1982) , variability in the viral sequence is observed not only between the different genotypes, but also within the same genotype or subgenotype (Simmonds et al., 1993) . Among the HCV genome sequence variants, the well-conserved RNA sequences are located at the 59-end (Bukh et al., 1992; Smith et al., 1995) , 39-end (Kolykhalov et al., 1996; Tanaka et al., 1995; Yamada et al., 1996) and within a portion of the NS5B-coding region (Walewski et al., 2001) . The RNA elements that interact with NS5B have been located mainly in these conserved sequence areas. NS5B was shown to bind to a highly conserved 98 nt 39-terminal segment, designated 39-X, as well as to its upstream poly U/UC tract in the 39-non-coding region (NCR) (Cheng et al., 1999; Oh et al., 2000) . Recent studies have revealed that the C-terminal half of the NS5B-coding RNA exhibits tighter binding to NS5B (Kim et al., 2002; Lee et al., 2004) . This region contains certain conserved RNA stem-loop structures (Walewski et al., 2001; You et al., 2004) . Among these, the 5BSL3 stem-loop structures were candidates for the NS5B-binding site (Lee et al., 2004) , of which 5BSL3.2 was shown to contain the cis-acting replication element (Friebe et al., 2005; Lee et al., 2004; You et al., 2004) . We and others have demonstrated the binding of NS5B to 5BSL3.2 (Kanamori et al., 2009; Zhang et al., 2005) , although the binding specificity of NS5B to 5BSL3.2 remains to be determined.
Following the synthesis of the negative-strand viral RNA, the positive-strand viral RNA is synthesized using the replication intermediate as a template. A part of the 39-end structure of the negative-strand HCV RNA was shown to bind to NS5B (Astier-Gin et al., 2005; Oh et al., 1999) while the corresponding positive-strand (59NCR) RNA appeared not to bind to NS5B (Lee et al., 2004) . The interaction of NS5B with the 39-end negative-strand RNA should be key for the initiation of the positive-strand RNA synthesis (Astier-Gin et al., 2005) , but there have been only a few studies on NS5B binding to other RNA regions on the negative strand. In the present study, we show that NS5B binds not only to the 5BSL3.2 RNA but also to its complementary strand, suggesting the importance of the negative-strand viral RNA complementary to the cis-acting replication element in the formation of the viral replication complex.
Among the HCV genome variants, NS5B SL3 is a wellconserved region that is key for viral replication because of the presence of a cis-acting replication element in this region (Friebe et al., 2005; You et al., 2004) . In addition, NS5B appears to bind to RNA elements in this area (Lee et al., 2004) . Thus, we employed RNA gel mobility shift analysis using three of the RNA stem-loop structures (5BSL3.1, 5BSL3.2 and 5BSL3.3; Fig. 1a ) to estimate which structure contributes most to the recruitment of the viral polymerase (Fig. 1c) . A C-terminal 21 aa-truncated glutathione S-transferase (GST)-NS5B (strain BK, genotype 1b) fusion protein was produced and purified by using Escherichia coli BL21 as described previously (Kanamori et al., 2009) . Synthetic RNA oligonucleotides were 32 Plabelled at the 59-end by using T4 polynucleotide kinase and [c-32 P]ATP (PerkinElmer). The 32 P-labelled RNA oligonucleotides (5 nM, final concentration) were incubated with NS5B protein (100 nM) in a total of 10 ml binding buffer [8 mM HEPES, pH 7.9, 40 mM NaCl, 5 mM MgCl 2 , 2 mM EDTA, 0.2 mM dithiothreitol, 0.2 mM PMSF and 1.6 % glycerol (v/v)] containing 50 mg tRNA ml 21 for 15 min at 22 u C, then loaded onto 4 % polyacrylamide gels (80 : 1 acrylamide-bisacrylamide electrophoresis in 0.256 Tris borate/EDTA buffer) and run at 300 V at 4 u C. The 5BSL3.2 RNA exhibited substantial binding to NS5B, while the other stem-loop structures (5BSL3.1 and 5BSL3.3) did not exhibit binding. The binding specificity of 5BSL3.2 RNA to NS5B was confirmed by a cold competition experiment (Fig. 2a ). Competition 31 nt) is from the Con1 clone, and the predicted secondary structure was described by Friebe et al. (2005) . (b) The RNA secondary structure of the negative-strand RNA was predicted by using Zuker's Mfold program and is shown (Zuker, 2003) . RNA gel mobility shift analysis using (c) 5BSL3.1, 5BSL3.2 and 5BSL3. experiments were performed by adding excess unlabelled oligonucleotides to the binding reaction (a 20-500-fold excess) 5 min prior to adding the probe. Binding was competed by excess cold 5BSL3.2, but not by excess cold 5BSL3.1 or 5BSL3.3 oligonucleotides.
Although it is not possible to estimate the effect of all cellular factors, the in vitro RdRp system is a versatile assay to evaluate the ability of inhibitory factors, including oligonucleotides against RdRp activity. We used a primerdependent RdRp assay system to evaluate the inhibitory effects of the RNA stem-loop structures on the RdRp activity of NS5B (Fig. 2c) . RdRp activity was measured by using the poly(C)-oligo(G) system, as described previously (Uchiyama et al., 2002) . The 5BSL3.2 RNA efficiently inhibited the RdRp activity (39 %), while 5BSL3.1 did not exert any influence on the RdRp activity. The 5BSL3.3 RNA inhibited the RdRp activity, but to a lesser extent (22 %). The difference in the degree of inhibition of RdRp activities by 5BSL3.2 and 5BSL3.3 was statistically significant (P,0.05, unpaired Student's t-test). This suggests that the 5BSL3.3 stem-loop structure may inhibit RdRp activity via a different mechanism than 5BSL3.2, which binds to NS5B.
The predicted RNA secondary structure of the negative strand RNA corresponding to 5BSL3 is shown on Fig. 1(b) . Each RNA element (5BSL3.1N, 5BSL3.2N and 5BSL3.3N) appears to form a mirror image structure of the positivestrand RNA. It is notable that 5BSL3.2 and its negative strand (5BSL3.2N) share the identical 6 bp upper-and 8 bp lower-stem sequences. Both the 5BSL3.2 positive-and negative-strand stem-loop structures contain 12-base terminal loops and 8-base bulges, the nucleotide sequences of which are unique to each strand. Because of the similarity between the secondary structures of 5BSL3.2 and its negative strand, we thought that 5BSL3.2N might bind to NS5B. In fact, 5BSL3.2N bound to NS5B with a binding strength similar to 5BSL3.2 (Fig. 1d) . In contrast, 5BSL3.1N exhibited very weak binding to NS5B, and 5BSL3.3N did not exhibit any binding (Fig. 1e) . A cold competition RNA gel shift experiment indicated that neither 5BSL3.1N nor 5BSL3.3N oligonucleotides inhibited the binding of the 5BSL3.2N RNA element to NS5B, while excess cold 5BSL3.2N oligonucleotides competed with the binding (Fig. 2b) . The inhibitory activities of the negativestrand RNA stem-loop structures on RdRp activities were well correlated with their binding ability to NS5B (38, 67 and 3 % for 5BSL3.1N, 5BSL3.2N and 5BSL3.3N, respectively; Fig. 2d) . The difference between the degree of inhibition of RdRp activities by 5BSL3.1N and 5BSL3.2N was statistically significant (P,0.001, unpaired Student's t-test).
It is notable that both 5BSL3.2 and 5BSL3.2N probes exhibited multiple shifted bands of different mobility in gel mobility shift experiments in the presence of NS5B (Fig.  1c-e and Fig. 2a, b) . By increasing the concentration of NS5B in the reaction mixture (Fig. 2e) , the upper bands appeared to increase in relative intensity. This probably is the result of the binding of the oligomerized NS5B when the concentration of the protein is high, and is consistent with the binding data obtained in the earlier study by Lee et al. (2004) .
Next, we introduced base substitutions and/or deletion of the bulge structure on the 5BSL3.2N region to evaluate which portion of the RNA secondary structure is important for binding to NS5B (Fig. 3) . Replacement of the bulge sequence (5BSL3.2NG13C and 5BSL3.2NBA) reduced the binding capacity of the RNA, but only to a small extent. In contrast, the deletion of the bulge sequence (5BSL3.2NDB) reduced the binding to less than half. The bulge of the positive-strand 5BSL3.2 also appeared to play a key role in the binding to NS5B, because the removal of the bulge from the positive-strand 5BSL3.2 RNA reduced the binding capacity of the RNA to 23 % (data not presented in the figures). Because the stem portions of 5BSL3.2 and 5BSL3.2N are identical, we thought that the stem portions should also have an important role in NS5B binding. In fact, in the positive-strand version, replacement of a nucleotide on the lower stem reduced the binding to NS5B by half (Kanamori et al., 2009) . In contrast, similar replacement of a nucleotide (with compensatory base substitution to maintain the secondary structure) on the lower stem of 5BSL3.2N (5BSL3.2NG7C) did not reduce the binding capacity of the RNA to NS5B. Additional base substitutions on the bulge sequence (5BSL3.2NBAM) did not reduce the binding capacity of the RNA to NS5B very much either. Interestingly, in the absence of the bulge structure, the lower stem sequence appeared to exert more influence on the binding to NS5B (the relative binding strength for 5BSL3.2NDB, 5BSL3.2NDBG7C and Fig. 3 . Secondary structures and binding strengths of mutated and/or deleted RNA clones. The predicted secondary structures of the tested RNA oligonucleotides by Mfold analysis (Zuker, 2003) are shown. The filled circles near each nucleotide indicate the CGGG motifs. Open circles indicate substituted nucleotides. The relative binding capacity of each RNA oligonucleotide to NS5B was determined by RNA gel mobility shift analysis, and is shown at the bottom of each RNA secondary structure. RdRp activities in the presence of RNA stem-loop structures are shown by a bar graph in the bottom portion. The RdRp activity in the absence of the competitor RNA was set to 100.
5BSL3.2NDBM, which were 43, 26 and 3 % of that for 5BSL3.2N, respectively). Inhibition of the RdRp activity was less in the mutants with a higher number of base substitutions in a series of mutants with a bulge (5BSL3.2N, 5BSL3.2NG7C, 5BSL3.2NG13C, 5BSL3.2NBA and 5BSL3.2NBAM; 0, 1, 1, 3 and 5 nt substitutions, plus compensatory base substitutions, respectively). In a series of mutants without the bulge, RdRp inhibition was also less, with a greater number of base substitutions in the GCrich motif on the stem (5BSL3.2NDB, 5BSL3.2NDBG7C and 5BSL3.2NDBM; 0, 2 and 4 nt substitutions, respectively). These results indicate the importance of the bulge structure, as well as the lower stem sequence, for the tight binding of the 5BSL3.2N RNA stem-loop structures to NS5B. HCV 5BSL3.2 is one of several RNA stem-loop structures in the NS5B-coding RNA, and is considered to be a highly important cis-acting replication element (Friebe et al., 2005; You et al., 2004) . The hairpin-loop sequence on 5BSL3.2 and the sequence on the loop of the 39-X (39SL2) have the potential to form a pseudoknot, which is regarded as essential for viral replication. In addition, a more recent study by Diviney et al. (2008) provided evidence that the long range RNA interaction between 5BSL3.2 and its approximately 200 base upstream CGGG motif is also important for viral replication.
Combined with the results from the analysis of the aptamers against NS5B in our previous study, we thought it likely the CGGG motif, which is found on the lower stem of 5BSL3.2, would play an important role in binding to NS5B (Kanamori et al., 2009) . The CGGG motif is also present on the lower stem of the negative-strand 5BSL3.2N stem-loop structure. Furthermore, an additional CGGG sequence appears on the bulge portion. Removal of the bulge structure reduced the binding of 5BSL3.2N. In the cases of RNA structures without the bulge (5BSL3.2NDBG7C and 5BSL3.2NDBM), the base substitutions on the CGGG motif reduced the binding, as was reportedly observed in the case of the positive-strand version, 5BSL3.2 (Kanamori et al., 2009) .
At the initiation of positive-strand RNA synthesis, NS5B is likely to bind to the 39-end structures of the negativestrand viral RNA (Astier-Gin et al., 2005) . In addition, it is possible that NS5B binds to RNA elements such as 5BSL3.2N on the negative-strand RNA before the synthesis of the positive-strand RNA starts, and this stabilizes the replication complex for more efficient positive-strand viral RNA synthesis. Because 5BSL3.2N appears to form the RNA secondary structure mirror image of the positivestrand 5BSL3.2, 5BSL3.2N may also interact with the distant negative-strand RNA motifs to facilitate viral RNA synthesis.
In the present study, it has been shown that NS5B specifically binds to 5BSL3.2 and its negative-strand structure. NS5B binding to the negative-strand 5BSL3.2N RNA may also be a key step in viral RNA replication.
